This overview summarizes progress made to date on the Specially Promoted Research Project "Structure Formation and Selection Rule in Turbulent Plasmas." Keys for the progress of the project are a change of view, from one that is linear, local, and deterministic to one that is nonlinear, nonlocal, and statistical, and the integration of theory, simulation, and experiment.
Introduction
After five decades of studies of turbulence in plasmas [1] , understanding of structure formation in turbulent plasmas has progressed substantially [2] [3] [4] [5] . Recent developments in plasma physics, including fusion research in a new era of ITER as well as space research and astrophysics, have focused on structural formation in turbulent plasma associated with electromagnetic field formation [6] . Key to progress of the study of turbulent plasmas is a change of view, from one that is linear, local, and deterministic to one that is nonlinear, nonlocal, and statistical. Integration of theory, simulation, and experiment is another key to progress.
In this overview, we report progress made to date on the Specially Promoted Research Project "Structure Formation and Selection Rule in Turbulent Plasmas" [6, 7] . We first summarize the theory of microscopic turbulence, mesoscale fluctuations, and selection rules. We then explain direct computations using a global nonlinear simulation code, as well as describe the physics of mesoscale structures (such as zonal flow, zonal fields, and transport interface). Experimental tests on toroidal plasma experiments are also addressed. Finally, we report detailed experimental measurements, using a linear plasma device, of mesoscale structures (streamers and zonal flows) and nonlinear interactions among them. Confirmations by, and new challenges from, the experiments are stressed. This report focuses on the project results; detailed references of related work are given in review articles [8] [9] [10] [11] [12] .
Theoretical Formulation and Simulations
In the study of structure formation and the selection rule, two fundamental issues exist in the theoretical frame- work, as shown in Fig. 1 . First, a self-sustaining structure is realized by nonlinearity in plasma dynamics. Therefore, a nonlinear theory must be developed to describe the states far from thermodynamic equilibrium. Second, a statistical theory must be developed to calculate the transition probabilities between possible states. The theoretical framework has been extended to address these two requirements. This procedure for developing a statistical theory for plasma turbulence is explained using the example of a reduced set of equations:
where L (0) is an operator for linear response, f is a fluctuation field such as f T = (φ, J, p), and N( f ) stands for nonlinear interactions. We adopt the following procedure: (i) Decompose the nonlinear term into the coherent term −Γ f and incoherent noise term R as
(ii) Solve a closed set of equations for coherent terms
This gives self-consistent, self-sustained states. Multiple solutions are possible. (iii) Analyze the effects of turbulent noise R on the mode (variable) of interest. Calculate the transition probability among nonlinear states, which are induced by the turbulent noise. From the transition probability, establish the selection rule for the nonlinear states.
We apply the dressed test mode method [2] and Mori's projection method [13] to the above system of equations to evaluate the memory function and random force [14] . This result gives a basis from statistical physics for the previously developed model, in which the method of dressed test mode was used. A summary is presented in Table 1 . Fig. 1 (Left) Nonlinear, nonlocal, and statistical theory is necessary for the study of turbulent structure. (Right) Example of a multiplex turbulent structure in toroidal plasmas. Table 1 Comparison of the result near thermodynamic equilibrium and that for far-from equilibrium.
Transition probability and selection rule
Employing the coherent drag term and random noise, we derive the Langevin-type equation for the variable of interest, in the presence of background turbulence [15] . The variable X is the normalized variable of interest-for example, the normalized electric field X = eρ p E r /T in the study of H-mode transition. The dynamic equation for the variable X is given as
The probability density function (PDF) of X, P(X), ensemble average, and transition probability are studied. The stationary solution of PDF P eq (X) is expressed as P eq (X) ∝ g −1 exp(−S (X)) using the nonlinear potential
(apart from a correction ln g)-that is, zero of Λ-predicts 038-2 the probable state of X. Namely, S (X) can have two minima at X = X L and X = X H , which are separated by the local maximum at X = X m . Bistable solutions X = X L and X = X H indicate hysteresis but the ensemble average X = XP eq (X)dX changes smoothly as the global control parameter varies.
The transition probability is given as
where 
Lifetime of plasma states near transition boundary
The transition probability gives the lifetime of a state, from which the plasma moves to the most probable state. The lifetime analysis is applied to the problem of the onset of neoclassical tearing mode. An explicit form of the lifetime is given as [16] 
where A is the normalized amplitude of helical magnetic potential perturbation, and the nonlinear dissipation function is given as
with β pn = L p /2a bs ε 1/2 L q and
where δ is the collisionless skin depth, α = εr s β p /L p is the normalized pressure gradient for the case of currentdiffusive ballooning mode turbulence, and other notations are given in [16] . The coefficient Γ 0 indicates the impact of the microscopic turbulence for the onset of the nonlinearly unstable mode. The lifetime of the state A = 0, i.e., free from the neoclassical tearing mode (NTM), is shown in Fig. 2 (a) . The unit of lifetime is 2π/η √ Λ 0 Λ m , which is of the order of Rutherford growth time. The dependence of lifetime on plasma beta is shown. It is evident that lifetime strongly decreases as plasma beta increases. If plasma beta exceeds the effective phase limit β p * , the lifetime value is on the order of magnetic diffusion time. The contour of the lifetime is shown in Fig. 2 (b) .
Hysteresis for the onset of a magnetic island is also studied experimentally. The evidence of hysteresis and a comparison with experiments are given in [17] .
Global nonlinear simulation
The theoretical study above indicates the importance of coupling between fluctuations with different scale lengths. With the development of global nonlinear simulations, the interactions between fluctuations with different scale lengths have been studied systematically [18] [19] [20] [21] [22] [23] [24] [25] [26] . A review of this work is published in [11] . Here, a prototypical example is presented.
It is shown explicitly, by employing the direct nonlinear simulations, that the novel mechanism of turbulence trigger is effective for neoclassical tearing mode in tokamaks. The nonlinear evolution of NTM in the presence of drift wave turbulence is investigated using the four-field neoclassical MHD equations, where fluctuating ion parallel flow and ion neoclassical viscosity are taken into account [18] .
Nonlinear simulations with single helicity modes are performed using a spectral code. Figure 3 (a) shows the time evolution of electromagnetic energy for cases with different Fourier modes in the spectral space. It is found that nonlinear acceleration occurs in the early growing 038-3 (See [18] for details.)
phase as the number of Fourier modes (n) increases. However, saturation amplitude is weakly affected by high-n modes. Acceleration of the growth of the tearing mode by background microscopic turbulence is clearly demonstrated. Figure 3 (b) shows the contour plot of perturbations, showing that the global magnetic island and microscopic turbulent fluctuations coexist. Another important problem is the establishment of internal transport barriers. Selective turbulence spreading near the minimum of the safety factor was found to create an internal transport barrier [20] . The barrier forms in the region where linear instability exists, and the formation of barrier further increases the linear growth rate. This clearly demonstrates the nonlinear, nonlocal (multiplex and multiscale), and statistical nature of plasma turbulence.
Physics of Zonal Flow
Zonal flow in toroidal plasmas is, as a zero-th order description, constant flow on magnetic surface, independent of poloidal and toroidal angles, with its sign oscillating as the radius is increased. They are damped modes in linear theory but are driven by background microscopic turbulence induced by plasma inhomogeneities. The partition of energy from microscopic turbulence to linearly stable zonal flows thus reduces the level of microscopic fluctuations and turbulent transport.
The influence of zonal flows is central to the physics of confinement. Zonal flows are critically important in the design of fusion experimental reactors. In addition, zonal flows are prototypical examples of structure formation in nature. The study of zonal flows in laboratory plasma experiments has application in areas such as zonal flows and dynamo magnetic fields in solar and celestial plasmas.
Early work and advances in this area are surveyed in reviews [8, 9] . The essential elements in the physics of zonal flows are the following: (i) mechanism of zonal flows excitation; (ii) back interaction on turbulence; (iii) saturation mechanism of zonal flows; (iv) energy partition between fluctuations and flows; and (v) turbulent transport coefficient dressed by zonal flows.
Mutual interactions and energy partition between fluctuations and flows
Nonlinear interactions between zonal flows and drift wave can be constructed for the zonal flow intensity V 2 Z and total drift wave energy W as
and
The term αWV 2 Z denotes the energy exchange where α is a coupling coefficient. The nonlinear damping rate of drift wave is expressed as Δω = Δω 2 W, and the term γ NL (V 2 Z ) symbolically represents the self-nonlinear saturation mechanism of zonal flow.
The stationary state of drift waves and zonal flows, which follows Eq. (7), is dictated by αWV The stationary solution for Eq. (7) is given as either the solution without flow,
for the case of γ L < γ damp Δω 2 α −1 , or the solution with flow,
for the case of γ L > γ damp Δω 2 α −1 . When the driving source of drift waves is weak, zonal flow is not excited and bare fluctuations are realized. When the parameter exceeds the threshold, zonal flow is excited, and increment of fluctuation level becomes slower.
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Equation (8) is relevant when the nonlinear decorrelation rate of drift waves is large. When the drift wave amplitude is low and Δω k is small, special care is necessary. A famous example is the Dimits shift problem [27] . In such a case, zonal flow saturates when trapping becomes effective-that is, Δω k = ω bounce ∝ √ V Z . Using the renormalized growth rate of zonal flow, the saturation condition for zonal flow in the absence of collisional damping is derived as [28] 
where C ∼ 2 is a numerical coefficient of order unity. Note the relationship ω 
Turbulent transport coefficient dressed by zonal flow
When the damping rate of zonal flow is large, the turbulent transport coefficient is determined by bare microscopic fluctuations. When fluctuations are driven by linear instability, thermal diffusivity is given as
When zonal flows are excited but weak so that γ NL (V 2 Z ) < γ damp holds, n . Theory (solid line) and DNS data (dots) quoted from [29] .
which is independent of γ L . In the limit of large γ L , thermal diffusivity is given as
where the boundary γ L,c is given
⊥ . Thus, the coefficient of turbulent transport, which is dressed by zonal flow, is obtained.
Experimental Studies on Zonal Flow and Zonal Fields
Stimulating developments have been made in experimental studies of zonal flow and geodesic acoustic modes (GAMs). Experimental discovery of zonal flow is reported in [30] . Articles in cluster papers [10] and in reviews [8, 12] , for example, describe rapid progress in this field of research. Contributions have been given from various experiments, including toroidal systems as well as linear devices, in alphabetical order, ASDEX-U, CASTOR, CHS, CLM, CSDX, DIII-D, H1-heliac, HL-2A, HT-6M, HT-7, JFT-2M, JIPPT-IIU, T-10, TEXTOR, TEXT-U, TJ-II, and TJ-K. These are summarized in Table 1 of [12] , and further reports on LMD-U are found in [6] .
Identification of zonal flow and GAMs
The most important progress has been the experimental discovery of zonal flow, which was made in a compact helical system (CHS) device. The radial electric field is measured in the device at two different toroidal angles. The power spectrum of electric field fluctuation is shown in Fig. 5 (left) with cross correlation between electric fields at two different locations. Strong correlation in the lowfrequency regime indicates zonal flow. Two-point and twotime correlations of low-frequency components of the electric field are shown in Fig. 5 (right) . The reference radius is chosen as r = 12 cm, and the radius of the other observation point is varied. The zonal flow has a radial wavelength of a few centimeters and an autocorrelation time of a few milliseconds. These are longer than those for microscopic fluctuations, confirming that zonal flows is mesoscopic.
Many researchers have reported observations of GAM oscillations in toroidal plasmas and compared observed peaks with expected GAM frequencies. Figure 6 is reproduced from [12] . The frequency of GAMs is now widely validated.
The radial structure of GAMs has also been investigated. The JFT-2M group has reported observation of GAM eigenmode characteristics. In addition, outward propagation characteristics of GAMs have been deduced [31] . Theories show that GAMs have eigenmode structure owing to temperature inhomogeneity and can propagate in a radial direction [32, 33] . GAM spectroscopy has been proposed to measure ion density [34] .
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Nonlinear interactions among zonal flow and fluctuations
Identification of zonal flow requires measurement of nonlinear coupling between zonal flow and fluctuations. A systematic study using bicoherence analysis has been developed on coupling between GAMs and drift waves [35] [36] [37] [38] [39] [40] [41] . Figure 7 shows bicoherence analysis for the edge fluctuation of JFT-2M plasma. The component with the local GAM frequency has an unambiguous squared bicoherence for ω 1 + ω 2 = ω GAMs , which verifies coupling with broadband microscopic fluctuations (in the range >30 kHz). We observe that any pair of drift wave modes interacts with a common GAM component, so that the biphase takes almost constant values. In contrast, for combinations of three drfit wave modes, the biphase randomly changes by choice of interacting pair. The bicoherence and biphase were compared with theoretical prediction [42] in the article [39] . The observed bicoherence is within the order of magnitude of theoretical prediction, providing quantitative confirmation that GAMs have been observed.
As is explained in the theory of zonal flow growth based on modulational instability, excitation of zonal flow is accompanied by envelope modulation of background microfluctuations [8] . Such modulation was also observed [36, 43] .
Fluctuation-driven Reynolds stress is an essential issue in the physics of zonal flow, and it has been measured using various devices. Reports of semi-quantitative agreement [44] show that turbulence-driven stress is the dominant source that drives global plasma flow shear in linear plasma.
Suppression of turbulent transport by zonal flow
Measurements of the effects of zonal flow on turbulent transport have been made using CHS device [45] [46] [47] [48] . Particle flux is given as
whereẼ ω is electric field perturbation,ñ ω is density perturbation, and α ω is phase difference. Γ ω is high at the bottom of the zonal flow potential (where the zonal flow electric field is opposite to the mean dc radial electric field) and low at the peak of the zonal flow potential (Fig. 8) . This observation is consistent with theoretical modeling, which predicts that fluctuations tend to accumulate in the trough of zonal flows.
Control of transport by modifying the damping rate of zonal flow
Turbulent transport is strongly influenced by the damping rate of zonal flow [8] . This introduces the idea of controlling turbulent transport by modifying the damping rate of zonal flow. This working hypothesis was tested in the analysis of CHS plasma. It is known that electron 038-6 turbulent transport is reduced in the plasma core, where the electric field itself is high but its shear is insufficient to suppress turbulence (see a review in [49] ). The role of zonal flow in the formation of an internal transport barrier in toroidal helical plasma has been analyzed [50] . Reduction of turbulent transport in the core of e-ITB plasma, via enhanced zonal flow, has been experimentally confirmed, as shown in Fig. 9 . It is clearly demonstrated, theoretically and experimentally, that the damping rate of zonal flow governs the global confinement of toroidal plasmas.
Zonal fields
The electromagnetic counterpart of zonal flow is a zonal field [8] . Zonal fields can influence the current profile or stability of tokamaks. In addition, zonal fields are considered to be mesoscale dynamos. Thus, we have a unique opportunity to study the physics of dynamo magnetic fields [51] by laboratory measurement of the process whereby structured magnetic fields are generated by microscopic turbulence. Experimental evidence for zonal fields has recently been reported [52] . Zonal fields that are in the poloidal direction and change sign with radial wave- length of a few centimeters were discovered in CHS plasmas using a dual heavy-ion beam probe system. Details of the experimental study of zonal fields are found in [53] [54] [55] .
Experimental Study of Drift Wave Turbulence in Linear Plasmas
In the Specially Promoted Research Project "Structure Formation and Selection Rule in Turbulent Plasmas," particular focus is placed on use of the linear plasma device LMD-U. A unification of the methods of research-that is, theory, simulation, and experiments-is pursued in the project. For this purpose, the LMD-U device has been upgraded at Kyushu University [56] , and a numerical linear device (NLD) has also been developed [57] . Detailed measurements of turbulent fields, combined with predictive studies by NLD, have enabled the study of nonlinear interactions in drift wave turbulence. Extensive research has been performed worldwide on plasma turbulence in linear plasma devices (see references in [44, 56] ). These studies propelled research trends in this direction. In addition, the discovery of streamers followed [58] . Here, these results are briefly reported.
LMD-U device and study of drift wave turbulence
LMD-U linear plasma has a cylindrical shape with a diameter of about 100 mm and an axial (z) length of 3740 mm. Under the experimental conditions of 3 kW of 7 MHz rf power, 0.01-0.15 T of axial magnetic field (in the +z direction), and 1-6 mTorr of argon pressure in the source region, the electron density and temperature of the plasma were found to be about 10 19 m −3 and 3 eV, respectively. The electron density gradient is steep in the radius range r = 30-40 mm and produces resistive drift wave instabilities propagating in the poloidal direction. Drift waves and route to drift wave turbulence have been observed in this plasma [59] . With a 64-channel poloidal Langmuir probe array, which is able to measure the precise poloidal wave numbers of the fluctuations [60] , twodimensional (poloidal wave number k θ and frequency ω) power spectra of the drift wave turbulence were observed. A number of fluctuation peaks and broadband components appear in the two-dimensional power spectrum [61] . Ion flow velocity near the end plate has been measured [62] . Pumps have been designed to suppress neutral density, following the simulation of neutral particles [63] . Increasing the magnetic field and/or decreasing the argon pressure causes turbulent fluctuations. Figure 10 Nonlinear couplings in the turbulent regime are confirmed by bispectral analysis [58, 64] . It was found that three primary modes induce other peaks in sequence.
Discovery of streamers
Theory predicts that drift waves can cause selffocusing in the direction of propagation (with small modification in radial direction), called a "streamer" [8, 65] . This self-organization of turbulence is complementary to zonal flow, which is constant in the poloidal direction. Numerical linear device (NLD) predicts that a streamer occurs when the damping rate of zonal flow is large in a linear plasma device [66] .
We have identified the streamer structure-that is, the bunching of drift waves-for the first time, confirming nonlinear interactions. Figure 11 shows the emergence of a streamer. Thin stripes (fast propagation in poloidal direction) denote waves, and their envelope is focused in the θ-direction. The peaks and troughs of the envelope propagate slowly in the poloidal direction. The time scale of propagation of the envelope in the laboratory is about fewto-ten times larger than that of waves. Taking into account plasma rotation introduced in the analysis of wave disper-038-8 sion, the rotation frequency of the envelope in the plasma frame reduces to O (100 Hz). This modulation of envelope is created by nonlinear coupling of many fluctuation components with m ≥ 2, such as peaks (X) and (X ± a) in Fig. 12 Dependencies of (a) fluctuation energies of the electrostatic potential and (b) instantaneous linear growth rate of (4, 1) mode on the neutral density. Result is obtained using a numerical linear device [71] . Fig. 10 (right). The peak (X) is, for example, (2c), (b + c), etc. Nonlinear coupling of (a) with other quasimodes having m ≥ 2 is confirmed. The streamer structure was shown to be extended in the radial direction using two poloidal probe arrays as well as a two-dimensional movable probe. The nonlinear triplet coupling that leads to streamer formation lasts longer than the autocorrelation time of fluctuations. Thus, we have experimentally quantified that nonlinear coupling determines multiple characteristic timescales in turbulent plasmas. The density and potential fluctuation structures in LMD-U are reported in [67] .
Zonal flow in a linear plasma device
Zonal flow is also studied in the linear plasmaflow coexist. Two distinctive modes at frequencies 0.3-0.5 kHz (zonal flow) and 6-8 kHz (drift wave) are observed. The zonal flow is located at r < 4.5 cm, associated with poloidal velocity fluctuations. The drift wave has maximal amplitude in the steep density gradient region, m/n = 3-5/2-3, and finite radial wave numbers. The radial wave number profile of the zonal flows has a shear structure at the radial location where the drift wave has maximal normalized fluctuation amplitude. The radial wave number profile of the drift wave shows vortex tilting, resulting in generation of stationary turbulence Reynolds stress gradient per mass density. Envelope and bispectral analyses detect significant nonlinear interactions between zonal flows and drift waves and confirm nonlinear interaction between them. Energy exchange between waves and flow is also confirmed. Figure 12 shows the selection rule between zonal flow and a streamer [66, 71] .
Summary
We report herein progress in the project "Structure Formation and Selection Rule in Turbulent Plasmas." In this focused study, we have developed a new view of plasma turbulence as being nonlinear, nonlocal, and statistical. This replaces the previous view of it being linear, local, and deterministic. Because the previous view assumed linear growth in a local model, it gave only a limited view of the properties of plasma [72] . Progress has been made in the nonlinear statistical theory of turbulence, global simulations, and methods of nonlinear data analysis. By these new methodologies, we have clarified our understanding of structure formation and transition, phase boundaries, transition probabilities, and state lifetimes. Global simulation demonstrates that dynamic behavior as well as barrier formation is influenced by the presence of multiplescale turbulence. The physics of zonal flows is also developed, and the experimental discovery of zonal flows, zonal fields, and streamers is made. Nonlinear interactions between mesoscale structures and microscopic turbulence have also been verified unambiguously. This project thus successfully unified the research methods of theory, simulation, and experiment in the study of turbulent plasmas.
This research is expected to be extended in various directions. One direction is to investigate plasmas in nature. Initial efforts have investigated the dynamo magnetic field, solar tachocline, magnetic and velocity structures, and more [73] [74] [75] . Another direction is to investigate plasmas in the laboratory by studying phenomena such as transit transport, in which change propagates across the plasma column much faster than would be the case from diffusion. Such phenomena have been observed in toroidal plasma experiments [76] [77] [78] [79] [80] [81] . Studies have been initiated of longrange interactions [8, 82] , dynamic competition among various modes [83] [84] [85] , and two-dimensional structure formation [86] [87] [88] [89] [90] [91] . The study of dynamical response of turbulence will be systematically pursued in the Project "Integrated Research on Dynamic Response and Transport in Turbulent Plasmas."
